Context. We present 48 Herschel/PACS spectra of evolved stars in the wavelength range of 67-72 µm. This wavelength range covers the 69 µm band of crystalline olivine (Mg 2−2x Fe (2x) SiO 4 ). The width and wavelength position of this band are sensitive to the temperature and composition of the crystalline olivine. Our sample covers a wide range of objects: from high mass-loss rate AGB stars (OH/IR stars,Ṁ ≥ 10 −5 M /yr), through post-AGB stars with and without circumbinary disks, to planetary nebulae and even a few massive evolved stars. Aims. The goal of this study is to exploit the spectral properties of the 69 µm band to determine the composition and temperature of the crystalline olivine. Since the objects cover a range of evolutionary phases, we study the physical and chemical properties in this range of physical environments. Methods. We fit the 69 µm band and use its width and position to probe the composition and temperature of the crystalline olivine. Results. For 27 sources in the sample, we detected the 69 µm band of crystalline olivine (Mg (2−2x) Fe (2x) SiO 4 ). The 69 µm band shows that all the sources produce pure forsterite grains containing no iron in their lattice structure. The temperature of the crystalline olivine as indicated by the 69 µm band, shows that on average the temperature of the crystalline olivine is highest in the group of OH/IR stars and the post-AGB stars with confirmed Keplerian disks. The temperature is lower for the other post-AGB stars and lowest for the planetary nebulae. A couple of the detected 69 µm bands are broader than those of pure magnesium-rich crystalline olivine, which we show can be due to a temperature gradient in the circumstellar environment of these stars. The disk sources in our sample with crystalline olivine are very diverse. They show either no 69 µm band, a moderately strong band, or a very strong band, together with a temperature for the crystalline olivine in their disk that is either very warm (∼600 K), moderately warm (∼200 K), or cold (∼120 K), respectively.
Introduction
Crystalline olivine (Mg (2−2x) Fe (2x) SiO 4 ) has been detected in many different circumstellar environments, like disks around
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The Appendix A is only available in the on line version. The spectra are available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgibin/qcat?J/A+A/ pre-main-sequence stars (Waelkens et al. 1996; Meeus et al. 2001; Sturm et al. 2013) , comets (Wooden 2002) , post-mainsequence stars Molster et al. 2002b) , and active galaxies (Spoon et al. 2006; Markwick-Kemper et al. 2007 ). In outflows around evolved stars, the features of crystalline silicates were first detected in the mid-infrared wavelength range. For crystalline olivine, the most prominent bands in this range are at 11.3, 23.6, and 33.6 µm, which come from the Si-O-Si or O-Si-O bending modes and from the translational and rotational dominated modes, respectively. Interaction between the cations and anions make these bands sensitive to the ratio Mg/Fe in the (Koike et al. 2003) . With this sensitivity it was shown that the iron content of crystalline olivine in circumstellar environments of evolved stars is lower than 10% (Tielens et al. 1998; Molster et al. 2002b) .
At longer wavelengths than 45 µm, the spectrum of crystalline olivine shows resonances around 49 and 69 µm (Bowey et al. 2001 (Bowey et al. , 2002 Koike et al. 2003 Koike et al. , 2006 Suto et al. 2006) . The wavelength position and width of this feature strongly depend on both the Mg/Fe ratio of the mineral, as well as on the grain temperature. The 69 µm band is isolated and sits on top of a smooth continuum, allowing for a very precise analysis of the feature. With the Herschel/PACS spectrometer (Pilbratt et al. 2010; Poglitsch et al. 2010) , operating in the 50-200 µm range, it is now possible to study the 69 µm band for a broad range of targets. Such an analysis has already been done for young stellar objects, showing that the crystalline olivine in proto-planetary disks and debris disks is very magnesium-rich (<0-3% iron, Mulders et al. (2011); de Vries et al. (2012) ; Sturm et al. (2010 Sturm et al. ( , 2013 ).
In this paper we describe our study of the forsterite dust observed in a sample of evolved stars of predominantly low to intermediate initial mass ( 8M ). In the final stages of a stellar life, the evolution is dominated by strong mass loss. During the asymptotic giant branch (AGB) phase large amplitude pulsations bring the gas to high enough altitudes for dust particles to condense. Radiation pressure on the dust and drag between the dust and gas create a strong and dense outflow. The mass-loss rates of AGB stars can be in the range of 10 −8 M yr −1 up to 10 −4 M yr −1 (Habing & Olofsson 2003) . Depending on the oxygen and carbon abundance in the gas, either an oxygen-or carbon-rich chemistry is initiated in the outflow, because the less abundant element will be locked into the CO molecule. In the case of an oxygen-rich outflow (C/O<1), oxygen-rich dust such as olivine and pyroxene (Mg 1−x Fe x SiO 3 ) is formed. In the carbon-rich case, carbon dust particles are formed. While the exact values are under debate and are certainly metal dependent, oxygen-rich stars with initial masses between 1.5 M and 3-4 M can transition into a carbon-rich star through dredge-up of sufficient carbon from the core to the outer layers of the star. More massive oxygen-rich stars of ≥3-4 M will remain oxygen-rich because the hot bottom burning in these objects favours the production of nitrogen instead of carbon (Habing & Olofsson 2003) .
When the AGB star is stripped of most of its outer layers, its strong pulsations cease, and the mass loss stops. In this case the star goes through a short post-AGB or proto-planetary nebula (proto-PN) phase, where the previously emitted material slowly drifts away from the star and cools, while the central stars heat up (Habing & Olofsson 2003) . Eventually the core becomes visible as a white dwarf, signaling the end of stellar evolution. The white dwarf briefly ionizes the emitted material, creating a PN.
Studies based on thermodynamic equilibrium have shown that crystalline olivine is a mineral that is expected to form around 1400K to 1000 K if a cloud of gas with solar abundance cools (Sedlmayr 1989; Tielens et al. 1998) . Around these temperatures, crystalline olivine forms as its magnesium-rich end-member forsterite (Mg 2 SiO 4 ). These magnesium-rich crystalline olivine grains are indeed observed to be moderately abundant in the outflow of AGB stars (2-12% of the total dust mass (de Vries et al. 2010) ). If enough SiO is present at a temperature of 1300K to1000 K, it can react with forsterite to form enstatite (MgSiO 3 ), the magnesium-rich end-member of the pyroxene group. Subsequent reactions with gas phase iron converts enstatite to iron containing crystalline olivine around 1100 K to 900 K. In many circumstellar environments of evolved stars, enstatite is indeed detected (Molster et al. 2002b) , and Fe is likely to be present (although it is not certain whether it is present in the gas phase). Based on thermodynamic equilibrium, iron containing crystalline olivine could thus be formed. However, if the densities become too low in the cooling outflows of evolved stars, thermodynamic equilibrium does not need to hold, and reactions are expected to "freeze out".
Gas-phase condensation is not the only possible formation mechanism of crystalline olivine. An alternative is to form crystalline olivine by annealing amorphous olivine. When amorphous olivine is heated above the glass temperature of olivine, it can rearrange its lattice elements into a crystalline form. Sogawa & Kozasa (1999) show that amorphous silicate grains accreted on precondensed corundum grains can be crystalized for high enough mass loss rates (> 3 × 10 −5 M yr −1 in the case of an L * = 2 × 10 4 L star). In their study of the Spitzer IRS spectroscopy of oxygen-rich AGB stars, Jones et al. (2012) find that the dust mass-loss rate has a greater influence on the crystalline fraction than the gas mass-loss rate. This would indicate that the annealing is more important than the gas phase condensation, but the uncertainties in the gas mass-loss rates precluded a firm conclusion. Heating of the dust above the glass temperature could also be caused by shocks in the circumstellar environment. It is unclear how such a process could play a role in the outflow of single stars, but shocks caused by binary interaction could create the conditions for heating up the amorphous grains sufficiently (Edgar et al. 2008) either in the outflowing material or in a circumbinary disk. In the case of disks, it would also be possible that the grains reside in the inner part of the disk close to the central star where the temperature is high enough for annealing (Gail 2001; de Ruyter 2005) . Crystalline silicates are, however, also known to exist in disks that are too cold for annealing (Molster et al. 1999a) . This suggests that it should also be possible to anneal amorphous grains in-situ in colder parts of the disk by shocks or other processes (Desch & Cuzzi 2000; Ábrahám et al. 2009; Edgar et al. 2008) .
In this article we present Herschel/PACS spectra of 48 evolved stars in the 68-72 µm range. The sample contains stars in different post-main-sequence phases of evolution, among which are AGB (OH/IR) stars, different types of post-AGB stars, planetary nebulae, and a few massive (>10 M ) evolved stars. The goal of this article is to (1) present the Herschel/PACS observations taken in three guaranteed and open-time programmes, together with the data reduction and (2) make a first analysis of Herschel/PACS data and determine the composition of the crystalline olivine in these sources. Subsequent publications will study the different subgroups of the sample in more detail. To study the forsterite content, including the bands at mid-infrared wavelengths, needs detailed radiative treansfer modelling because of the extreme high-density conditions in most of our sources. This would, however, be beyond the scope of this paper. A first paper by de Vries et al. (2014) describes the results for the OH/IR stars. In Sect. 2 we start with the sample selection and data reduction. In Sect. 3 we describe how we fit and analyse the 69 µm bands in our sample. Our sample is described in more detail in Sect. 4, along with the results from fitting the 69 µm bands. We look at the laboratory studies of the 69 µm band in more detail in Sect. 5 and end this article with a discussion and conclusions in Sects. 6 and 7. The Appendices contain plots for all our reduced spectra.
Sample selection and data reduction
To study the formation and evolution of forsterite dust, we selected stars from different late evolutionary stages, as well as stars of intermediate and high initial masses (below and above approximately 8 M , respectively). We aimed at obtaining representative groups of stars for different classes: high mass-loss rate AGB stars (OH/IR stars), post AGB stars with and without circumbinary disks, planetary nebulae, massive evolved stars as luminous blue variables (LBV), and hyper giants, all known to contain forsterite dust. An initial selection of targets was obtained from a literature search. For almost all 26 initial targets, the crystalline oxygen-rich dust has already been observed through detection of mid-IR bands (11, 19, 23, 33, 40, or 43 µm) , mostly in ISO-SWS spectra (Molster et al. 2002a ), but also from ground-based TIMMI spectroscopy by de Ruyter (2005) .
Herschel/PACS spectrometer observations (Pilbratt et al. 2010; Poglitsch et al. 2010 ) of the targets were obtained in two guaranteed time observing programmes. The first was part of the "Mass loss of Evolved Stars (MESS)" (Groenewegen et al. 2011) guaranteed time key programme, for which Herschel/PACS "spectral energy distribution (SED)" mode spectra were taken covering the 55 to 200 µm range. The selected sources which were not part of the spectrometer programme of MESS, were observed in the GT programme "Forsterite dust in the circumstellar environment of evolved stars" (GT1_jblommae_1). Because the latter programme focussed on detecting the 69 µm band, spectra were taken in the narrower wavelength range of 67-72 µm using the so-called "range scan" spectroscopy mode. For both the SED and range scan observations, the grating stepsize corresponded to Nyquist sampling (for further details, see Poglitsch et al. 2010) . The spectral resolution around 70 µm is almost 1800 (λ/∆λ). A typical RMS sensitivity of 1 Jy per resolution bin is obtained in the case of a single range scan measurement, which we used for all our sources with F 60µm above 100 Jy. We improved the S/N by increasing the number of repetitions for sources with lower fluxes. The intermediate flux stars (50 -100 Jy) were observed with two repetitions (RMS sensitivity 0.7 Jy). Between 20 and 50 Jy, a repetition factor of 3 was used (RMS sensitivity 0.5 Jy) and for the faintest sources around 20 Jy we use four repetitions.
To extend our sample and get more representatives for the different classes, we had a follow-up open time programme "Study of the cool forsterite dust around evolved stars" (OT2_jblommae_2). Here the selection was performed on the basis of the ISO-SWS catalogue by Kraemer et al. (2002) . All evolved stars that showed evidence of crystalline silicate emission bands in their SWS spectra (class SC or SEC), as well as sources with the 10 µm amorphous silicate band in (self-) absorption (SB and SA) and which were not part of the two earlier programmes, were added to the sample.
We also included the spectra of the planetary nebula NGC 6543 and of OH 127.8+0.0, both obtained as a Herschel/PACS calibration measurement. The SED observation of NGC 6543 was reduced in the same way as the other sources in our programme. The spectrum of OH 127.8+0.0 was a combination of three SED measurements (obsids, 1342189956 up to 1342189958), and its data reduction is discussed in Lombaert et al. (2013) .
This adds up to a total of 48 spectra. Most of our sources are known to contain crystalline olivine dust through the detection of mid-infrared bands. Exceptions are NGC 6720 , AFGL 2019, AFGL 2298, and V432 Car. NGC 6720 was included as an additional oxygen-rich PN. AFGL 2019 is an OH/IR star with the 10 µm amorphous silicate band in self-absorption, but no clear detection of forsterite bands in its SWS spectrum. Because of the low number of massive stars, we included AFGL 2298 and V432 Car. All sources are listed in The spectra were reduced in the Herschel Interactive Processing Environment (HIPE, (Ott 2010) ) package version 9, using the Herschel/PACS pipe-line script (ChopNodRangeScan.py). The absolute flux calibration used the PACS internal calibration block measurements, and for the spectral shape the PACS relative spectral response function was applied. The PACS integral-field-spectrometer contains 5×5 spatial pixels, the socalled spaxels. The point spread function (PSF) of Herschel is larger than the central spaxel (9.4 × 9.4 ), and a correction needs to be made for the missing part of the PSF, even when combining several spaxels, to obtain the absolute source flux. Because of the pointing accuracy and jitter, it is best to combine as many spaxels under the PSF as possible. However, to keep the noise as low as possible, we combined all spaxels with a S/N higher than 10 rather than blindly adding the central 3×3 spaxels. The S/N of every spaxel is obtained by calculating the standard deviation from a linear fit to the wavelength region of 67.5 to 68.0 µm and dividing this standard deviation by the signal. The sources AFGL 5379 and OH 21.5+0.5 were pointed off-target. For OH 21.5+0.5, all of the flux was still contained within the 5×5 spaxels, and a spectrum could be extracted. The maximum flux within the spaxels for AFGL 5379 was found on one of the border spaxels, and thus not all flux of this object was detected so the flux levels should be taken as a lower limits. We fluxcalibrated the spectra by calculating the total continuum flux (in the range of 67.5 to 68.0 µm) in the spectrum of all 3×3 spaxels combined and then corrected this for the missing part of the PSF (correction factor 1.09, see PACS reduction manual). This flux value was used to scale the combined spaxels with S/N> 10 to the proper continuum flux level.
Fitting the 69 µm bands
We measure the width and position of the 69 µm bands by making a Lorentzian fit to the band in the region of 67−72 µm. The observations are also simultaneously fitted with a slightly curved continuum (second-degree polynomial) as a continuum. The borders of the fitting region have been chosen differently in a few cases (see Appendix A) because of the presence of structure in the continuum around the 69 µm band. Most of the OH/IR stars and a few of the other objects in the sample show gas lines in their spectra (see Fig. 1 ). The gas lines come from species like ortho-and para-H 2 O, 12 CO, 28 SiO, and SO 2 (Decin 2012) . For sources with gas lines, we excluded the following wavelength regions in our fits: 66. 9 -67.15; 67.22 -67.41; 67.47 -67.6; 68.91 -69.02; 70.6 -70.8; 71.0 -71.15; 71.5 -71.6; and 71.9 -72.2. There is a blend of gas lines in the 67-72 µm wavelength range that is situated on top of the 69 µm band. At the spectral resolution of the PACS spectrometer in B2A (≈ 1800 at 70 µm), this blend of gas lines shows as quite a broad feature and could be wrongly identified as a very weak and narrow 69 µm band of crystalline olivine. This feature can be resolved in spectra with a higher spectral resolution. For the star NML Tau, both Article number, page 3 of 16 A&A proofs: manuscript no. forsterite_overview_final_subm_v2 a B2A and B3A (resolving power ≈ 5000) spectrum was observed in the MESS programme (Groenewegen et al. 2011 ) (obsids: 1342203679 and 1342203681). In Fig. 2 , a 1 µm range of the two spectra around 69 µm is shown. NML Tau contains no crystalline olivine, and the comparison of the two spectra indeed shows that the 69 µm feature is made up of at least two gas lines. Since the lines occur in the spectra of our OH/IR stars, the wavelength region of 68.91 -69.02 is among the regions that were excluded from the forsterite band fit.
Errors on the width and position of the 69 µm band are obtained by a Monte Carlo method. The error on the properties of the 69 µm band are calculated by repeating the fitting of the band multiple times, while randomly varying the wavelength (by ±0.02 µm from the standard value) of the borders of the fitting region and the wavelength of the gas lines that are excluded. The standard deviation of the sample of fitting results is then taken as the error. The width and position of the 69 µm band are plotted in Fig. 3 and the width, position, and strength of the 69 µm band are listed in Table 2 . All the fits and spectra are shown in the Figs. A.1 to A.4 in Appendix A. A couple of weak broad features are seen in some of the spectra (as for NGC 6537 at 70.1 µm). None of these fitted the profile of crystalline olivine and have not been included further in our present analysis. In a future study we will search for solid state features in a wider spectral range than what is presented in this paper. Bowey et al. (2002) performed a similar analysis of the ISO-LWS spectra of evolved stars. The sensitivity and spectral resolution of ISO-LWS was much lower (about 290 at 69 µm) than our data, limiting the determination of the width of the forsterite band. Bowey et al. (2002) used Gaussian fitting so that their results are not directly comparable to ours, especially with respect to the width of the feature. Despite these differences, we do find a similar range of peak wavelengths (68.92 -69.25 µm) for the forsterite band.
Results
For almost all our targets, forsterite dust was already detected through the presence of mid-infrared bands. As mentioned in Sect. 1, the 69 µm band represents only one of in a total of 35 infrared active modes of crystalline olivine -the most prominent bands being located in the mid-infrared, namely at 11.3, 19.5, 23.6, and 33.6 µm. The precise band positions and profiles depend on the particle compositions, sizes, temperatures, and shapes. A direct comparison of the strengths and positions of all forsterite bands detected in our sources is not Fig. 2 . Herschel/PACS spectrum of NML Tau with low (grey) and high (black) spectral resolution. The black spectrum with its higher spectral resolution shows that the gas line at 69 µm is a blend of two gas lines. This blend can not be recognized in the lower resolution spectrum in grey.
possible because most of our sample stars that show the 69 µm band in emission have optical depths of their dust shells larger than one in parts of the 10-50 µm wavelength range; e.g., for some of our OH/IR stars, the 10 µm optical depths reach values τ 10 > 15 (Suh & Kwon 2013) . Therefore, deriving the forsterite temperature and mass fraction by an analysis of all observable mid-and far-infrared bands would require a large set of radiative transfer calculations, exceeding the scope of the present paper. Furthermore, the mid-infrared features of olivine are less sensitive to the Fe content and temperature of the grains than the 69 µm band, which is an additional reason for focussing on the analysis of the latter in subsequent sections. Figure 1 shows four example spectra in the range of the 69 µm band. The spectrum of OH 30.1−0.7 shows a strong 69 µm band, together with narrow gas lines. WX Psc has no 69 µm band, but shows the same strong gas lines as OH 30.1 − 0.7. Some of the strongest 69 µm bands are seen in planetary nebulae like NGC 6537. The Red Rectangle has one of the broadest 69 µm bands in the sample.
In Fig. 3 the width and wavelength position of the detected 69 µm bands are plotted against each other. This figure also shows the width and position of laboratory measurements of crystalline olivine (explained in Sect. 5). What can be seen from the figure is that all detected 69 µm bands have a width and position comparable to or above the curve of pure magnesium-rich crystalline olivine. In Sect. 5 we show that these widths and positions can only be explained by a pure magnesium-rich composition of the crystalline olivine and not by other effects.
To discuss the sample further we subdivided it into four groups:
-15 OH/IR stars with circumstellar outflows, -18 post-AGB stars and other evolved objects, -8 planetary nebulae, -7 massive evolved stars.
OH/IR stars
The first group is composed of oxygen-rich AGB stars (see Ta- Table 1 . List of the observed stars (in order of OH/IR stars, subsequently post-AGB and others and the PN, and finally the massive evolved stars), their IRAS numbers, observation programme, types, morphologies and whether the 69 µm band was detected in the spectrum. The observation programme numbers refer to: 1) "Forsterite dust in the circumstellar environment of evolved stars", 2) "Study of the cool forsterite dust around evolved stars", 3) MESS, 4) "Mapping the distribution of the crystalline silicate forsterite in the Cat's Eye Nebula (NGC 6543)". References are: (1) Suh & Kwon (2013) , (2) Waters et al. (1996) , (44) Balick (2004), (45) 
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A&A proofs: manuscript no. forsterite_overview_final_subm_v2 superwind, > 5 · 10 Bedijn 1987) . These sources are called OH/IR stars because of their maser emission, and they are only visible in the infrared because the central star is completely enshrouded by its optically thick dusty outflows. The mass-loss rates of the OH/IR sources in our sample range from relatively low to high. For example, the object WX Psc is at the lower end with a mass-loss rate of 0.6 · 10 −5 M yr −1 (Decin et al. 2007) , while sources such as OH 26.5+0.6, OH 127.8+0.0, OH 30.1−0.7, and OH 32.8−0.3 have mass-loss rates all the way up to (15 − 20) · 10 −5 M yr −1 (Justtanont et al. 1996; Justtanont & Tielens 1992; Schutte & Tielens 1989; Groenewegen 1994) . Most of the OH/IR stars in our sample are situated close to the galactic plane and have high luminosities (a few 10,000 L ) and long-period variability (> 1000 days) (de Vries et al. 2014 ) so are expected to have initial masses in the range of 3−8 M (Baud et al. 1981) . The high density and the oxygen-rich composition of the outflow of these OH/IR stars leads to efficient condensation of crystalline olivine Tielens et al. 1998 ). The abundance of crystalline olivine in these outflows can be as high as 12 % (de Vries et al. 2010 ).
For eight out of the fifteen OH/IR stars, we detected the 69 µm band (see Fig. A .1 in Appendix A). The strongest bands are for OH 32.8 − 0.3 and IRAS 21554, which have a peak strength that is ∼8% of the continuum. The weakest bands are seen for OH 26.5+0.6 and AFGL 5379, which have a peak strength that is ∼3 % of the continuum. Almost all sources in the group of OH/IR stars show signs of gas lines in their spectrum except for IRAS 21554 and IRAS 17010.
All detected 69 µm bands have a width and position close to those of crystalline olivine with zero percent iron and grain temperatures of 100-200 K, with an average of ∼170 K (see Fig. 3 ). Some of the OH/IR stars have 69 µm bands that are wider than the pure magnesium-rich crystalline olivine bands. This is an indication of a temperature gradient in the outflow, as is explained further in Sect. 5.
Post-AGB stars and other low-mass evolved objects
The second group in our sample is a collection of 16 post-AGB sources and two other evolved low-mass objects. Out of the eighteen stars, we detect the 69 µm band in eleven objects. Unlike AGB stars, which show predominately spherical symmetric circumstellar shells, post-AGB stars, as do planetary nebulae, contain aspherical structures, such as outflowing tori, disks, and/or bipolar outflows. Table 1 gives an overview of the different classes of morphologies that are observed in our sample.
A first sub-group that we discuss is the sample of six binary post-AGB stars with confirmed Keplerian disks (see Table 1 ). The dust processing is known to be strong in these disks, resulting in large grain sizes and high crystallinity (Molster et al. 1999b; Gielen et al. 2008 Gielen et al. , 2011 . The Red Rectangle among them is a well known object that has a circumbinary disk that is viewed edge-on and which completely obscures the central binary (Cohen et al. (2004) ). The gas in the disk of the Red Rectangle is known to rotate with Keplerian velocities (Bujarrabal et al. (2005) ) and the gas disk contains about (2 − 6) × 10 −3 M (Bujarrabal et al. (2005) ).
For the Red Rectangle and also AC Her, the dust in the disk is known to be partly crystalline, and indeed for both we detect a 69 µm band. The peak over continuum strength of the 69 µm bands of the Red Rectangle and ACHer are about 5-6% of the continuum, which is comparable to the other post-AGB stars without confirmed Keplerian disks and the OH/IR stars. The remaining four disk sources, AR Pup, HD 93662, U Mon, and IW Car, were taken from a study by De Ruyter (2005). These stars are known to contain crystalline olivine from their spectral features in the 8-13 µm range. From those features De Ruyter (2005) was not able to derive abundances of crystalline olivine compared to the continuum dust species, but it must be in the range ∼10-50%. Strikingly, we do not detect a 69 µm band for these objects. This can be explained by the presence of hot (∼ 600 K) dust as will be discussed further in Sect. 6.
The widths and positions of the 69 µm band of the binary post-AGB stars with Keplerian disks are shown in blue, while the other post-AGB stars are shown in green in Fig. 3 . Most of the post-AGB stars have 69 µm bands that are located slightly above the curve of pure forsterite in Fig. 3 . As will be shown in Sect. 5, this is probably caused by the presence of a temperature gradient in the circumstellar environment.
Two other sources that are likely to contain disks are IRAS 09425 and HDE 330036. The first, an example of a mixed chemistry object, is a J-type carbon AGB star. Its circumstellar environment shows signs of both carbon and oxygen-rich gas and dust species, and it is extremely crystalline. Molster et al. (2001) find a crystallinity of 75% by mass for IRAS 09425. It was the record holder for a long time until Jiang et al. (2013) reported a crystallinity fraction above 90% for the PN IRAS 16456-3542. The high crystallinity of IRAS 09425 can be best understood if one assumes that the silicates are part of a (circumbinary) disk. Molster et al. (1999b) show that this assumption is further strengthened by the high flux ratio of mmwave over 60 µm observed in IRAS 09425, which indicates the presence of large grains, which are most likely formed by coagulation in a long-lived circumstellar disk. There is, however, no direct evidence of, the disk structure to date and the debate on the nature of IRAS 09425 is still open. Garcia-Hernandez et al. (2006) conclude that the mixed chemistry is best explained by a recent change of oxygen-to carbon-rich chemistry after a dredge-up. It is, however, difficult to understand such a scenario considering the extremely high crystallinity. IRAS 09425 also has the strongest 69 µm band in our sample, with a peak strength of 29% of the continuum. HDE 330036 is a D' type symbiotic star, the evolutionary stage following the post-AGB (Jorissen et al 2005) . Crystalline olivine bands were detected at 19.7, 23.7, and 33.6 µm, and pyroxenes at 15.9, 20.7, and 26.1 µm in the ISO-SWS spectrum by Angeloni et al. (2007) . They find that the crystalline silicates reside in a circumbinary disk at a temperature close to 100 -200 K. Our 69 µm detection of the forsterite is relatively strong with a peak strentgh of 8.5% over the continuum. From the width versus peak position diagram (Fig. 3) , we find a temperature in agreement with the 100-200 K range by Angeloni et al. (2007) . As for the other disk sources, it is positioned above the pure forsterite curve.
Of the remaining sample of ten post-AGB stars, seven have a detection of the 69 µm band. The average peak over continuum strength is about 4.3 %, similar to the OH/IR stars but lower than for the planetary nebulae. On basis of an optical imaging survey of reflection nebulae around post-AGB stars, Ueta et al. (2000) concluded that all post-AGB stars with detected nebulosity are aspherical. The types of asphericity could be divided in two classes that depended on the central star obscuration. The SOLE class ("star obvious low-level elongated") is interpreted to contain an optically thin torus around the central star. The DUPLEX type ("dust prominent longitudinally extended") contains blobs on opposite sides and has an optically thick torus that hides the central star in optical wavelengths. This division of classes was studied further and confirmed in studies of the midinfrared morphologies Meixner et al. 2002) . Ueta et al. (2000) show that the two classes can be separated on the basis of infrared colours. For the ten remaining post-AGB stars in our sample, we indicate to what class they belong on the basis of 2MASS J−K s colour. SOLE and DUPLEX sources clearly occupy different parts in the width versus peak position diagram (Fig. 3) . All DUPLEX sources fall above the curve of laboratory measurements of pure forsterite. As discussed in Sect. 6, the extreme widths could be related to a temperature gradient possibly in a torus-like structure around these objects (Sect. 5).
The SOLE sources CPD -642939 and HD161796 fall close to the pure forsterite curve and fall in between the classes of OH/IR stars and PNe. HD161796 is a well-studied post-AGB star that is believed to have evolved directly from an OH/IR star progenitor. This source has an oxygen-rich envelope containing about 4% crystalline olivine (Hoogzaad et al. (2002) ) and also has a peak strength of its 69 µm band of 4% of the continuum. The mass loss of HD161796 stopped roughly 300 years ago (Min et al. (2013) ), and during the hundreds of years of active mass loss that followed, the mass-loss rate of HD161796 increased from ∼ 7 · 10 −5 M yr −1 up to almost ∼ 50 · 10 −5 M yr −1 (Min et al. (2013) ).
Planetary nebulae
The third group in our sample consists of planetary nebulae. All sources except NGC 6720 and IRAS 17347 show strong crystalline olivine bands in the ISO-SWS spectra. For NGC 6720, both the ISO-SWS and our Herschel-PACS spectrum may have missed the presence of crystalline silicates because the dusty ring structure of NGC 6720 (> 45 , van Hoof et al. (2010) ) falls mostly outside the field-of-view of both apertures (50 × 50 ). However, a visual inspection of the LWS spectrum (aperture ≈ 80 ) also did not reveal any forsterite dust at 69 µm. The ISO-SWS spectra of IRAS17347 shows no spectral features of crystalline olivine, and we also detect no 69 µm band. Cohen et al. (2002) claim detecting forsterite bands at 23.7, 33.7, and Article number, page 7 of 16 A&A proofs: manuscript no. forsterite_overview_final_subm_v2 69 µm for IRAS07027. Our PACS spectrum does not confirm their 2.5 σ detection of the 69 µm band. For the detected 69 µm bands, we find that the peak over continuum strengths is high and close to 10% of the continuum. Only BD +303639 has a weaker 69 µm band of 4% of the continuum.
All planetary nebulae in this sample for which fosterite is detected contain very high density regions, such as a torus a disk or a shell consisting of high density knots. In some cases, such as NGC 6302 and NGC 6537, the very dense and massive central torus or disk almost completely obscures the central star. Matsuura et al. (2005a) find that the central obscuration in NGC 6537 can be explained by a high mass loss at the end of the AGB. Our detected sources all have bipolar outflows with dense stellar winds with high velocities of at least 200 km/s. They have rather high central star core masses and are thought to come from higher mass stars (3-8 M ).
BD+303639 [WC9], CPD -56
• 8032 [WC10], and IRAS07027 are member of the class of planetary nebulae with very low-excitation Wolf-Rayet spectra. Cohen et al. (2002) studied the infrared spectra of these sources and found evidence of dual chemistry through the presence of PAHs and amorphous and crystalline silicates. For the objects IRAS07027 and BD +303639, it is suggested that the AGB star experienced a final thermal pulse before leaving the AGB phase, which caused the inner parts of the dust envelope to be carbon rich (Waters et al. (1998a) ; Matsumoto et al. (2008) ; Zijlstra et al. (1991) ). It is not clear if the progenitor AGB star of all such nebula evolved from an oxygen-rich to a carbon-rich AGB star. As is the case for post-AGB stars (e.g. the Red Rectangle), the dual chemistry can also be explained by the presence of the silicates residing in a (circumbinary) disk. IRAS 07027 and IRAS 17347 (Zijlstra et al. 1989) are also are detected as OH maser sources, indicating that these sources only recently became planetary nebulae and evolved from the class of OH/IR stars. Remarkably, only IRAS 07027 shows evidence of crystalline silicates and neither of the two has a 69 µm detection.
The five planetary nebulae with detected 69 µm bands all have widths and positions that are very close to those of pure forsterite. On average the crystalline olivine in the PNe has a temperature of around 100 K.
Massive stars
The last and fourth group contains eight evolved stars that have a massive (>8 M ) progenitor. Three of these sources have a detected 69 µm band. All the circumstellar environments of these objects show mild to strong deviations from spherical symmetry. For the source HD168625, it is not clear that this object is a post-AGB star or a luminous blue variable. AFGL 4106 is a confirmed binary (Molster et al. (1999a) ). For AFGL 2298 and V432 Car we do not find any 69 µm band, and indeed the ISO-SWS spectra also do not show any indication of crystalline olivine. On the other hand, we also do not find a 69 µm band for IRC +10420 and NML Cyg even though these sources show a weak 33.6 µm band of crystalline olivine in their ISO-SWS spectra.
The width and position of the three detections are shown in grey in Fig. 3 and the temperatures range from ∼50-150 K. The strength of the band varies from 1.7 to 3.6 and 13.1 % of the continuum for AFGL 4106, HD 168625, and AFGL 2343, respectively.
Laboratory measurements of the 69 µm band.
Using the available laboratory measurements, we now describe the different parameters that have an effect on the width and position of the 69 µm band. We describe the effects of the grain temperature, iron content of the mineral, grain shape, grain size, and the presence of a temperature gradient. Fig. 4 shows the width and position of the measurements of Suto et al. (2006) . They made reflection measurements, and we converted the optical constants they obtained into opacities. To make this conversion, we assumed the grain shape distribution CDE (continuous distribution of ellipsoids, Bohren & Huffman (1983) ). From Fig. 4A it can be seen that the 50 K measurement has the bluest wavelength position and the most narrow 69 µm band. The band broadens and shifts to the red as the grain temperature increases. Koike et al. (2003) have measured the absorbance of crystalline olivine for different iron contents of the crystals. The step size in iron content in their measurements is large: after the 0% iron measurements, the first measurement is at ∼ 8%. Koike et al. (2003) only did these measurements at room temperature. We use the interpolations made by de Vries et al. (2012) to generate 69 µm bands of crystalline olivine at different compositions and temperatures. This interpolation assumes that the shift due to the iron content of the crystal is the same at all temperatures. Panel A shows how the width and position of the 69 µm band shifts when the iron content of the crystals is increased by 1%. Due to an iron increase of 1%, the band's wavelength position shifts to the red by more than ∼0.2 µm.
The 69 µm band of crystalline olivine containing iron

The 69 µm band and grain properties
In this section we test the effect of grain shape and size on the width and position of the 69 µm band. We calculate opacities from the optical constants of Suto et al. (2006) using the grain shape distribution CDE (Bohren & Huffman (1983) ) and DHS (distribution of hollow spheres, Min et al. (2003) , filling factor 0.8). In the case of DHS we also test different particle sizes (0.01-7.0 µm). We cannot test the particle size for CDE, because this size distribution is limited to particle sizes that are much smaller than the wavelength. We do not consider spherical grains, since Min et al. (2003) have shown that the use of homogeneous spheres as particle shapes introduces unrealistic effects, due to resonances that are introduced by the symmetry of these particles.
Panel B of Fig. 4 shows the difference in width and position of the 69 µm band between the grain shape distributions CDE and DHS (at grain size 0.01 µm). The width and position of the 69 µm band for grains with a DHS shape distribution are slightly more narrow and bluer, respectively, but the difference is insignificant.
For the DHS shape distribution, panel C of Fig. 4 shows how the 69 µm band of a 100 K grain changes as a function of grain size. The shape of the 69 µm band for grain sizes smaller than 1 µm (not shown) are the same as for 1 µm. For grain sizes be- Table 2 . Best fit parameters for the Lorentz fits to the detected 69 µm bands: amplitude (A), wavelength shift of the peak wavelength position relative to 69.0 µm (∆p), and the width of the Lorentz curve (w).
tween 1-4 µm there is a small but insignificant effect on the width and position of the 69 µm band. Going to grain sizes larger than 4 µm, the band develops a double-peaked shape, which is not recognized in the observations.
Crystalline olivine with a temperature gradient
The width and position of the 69 µm band can be made more narrow or red-shifted compared to the width and position of crystalline olivine with 0% iron by including iron. Here we show that it is also possible to have 69 µm bands that are broader and/or bluer than those of crystalline olivine without including iron. This is possible by introducing a temperature gradient. A temperature gradient will create a 69 µm band that is a combination of 69 µm bands of different temperatures. We do not want to consider the full parameter space accessible by introducing a temperature gradient, but simply illustrate the consequences of such a gradient with an example. We assume a spherically symmetric density distribution where the density goes as ρ = ρ 0 r −i ρ , where r is the distance to the centre of the distribution. Furthermore, we assume the temperature of the crystalline olivine to follow T = T in r −i T , where T in is the maximum temperature at the inner starting point of the distribution. Rearranging factors, we can write
The flux coming from crystalline olivine with such a temperature gradient will, in the optically thin limit, be proportional to
The numerical integration is done over a grid of temperatures with a step size of 25 K. Band shapes for temperatures in between temperatures at which laboratory measurements are available are generated using the interpolations of de Vries et al. (2012) . A typical density and temperature gradient for a constant mass-loss outflow around an optically thick OH/IR star is i ρ = 2 and i T = 0.5 (de Vries et al. (2010) Fig. 4 show that by introducing a temperature gradient, the width of the 69 µm band can be broader than those of crystalline olivine olivine with 0% iron at a single temperature.
Discussion
6.1. Width and peak position of the 69 µm band
From the width and position diagram in Fig. 3 , it is clear that all evolved stars have 69 µm bands with a position and width that can only be explained by pure forsterite. Only in a few cases, such as OH 26.5+0.6 and IRAS21554, maybe 0.5% iron can be present in the crystalline olivine. In the past, the ISO and Spitzer spectra of evolved stars have shown no spectral features
Article number, page 9 of 16 of pure fayalite. Investigation of the infrared bands in the ISO and Spitzer spectra showed an upper limit of the iron content of crystalline olivine of 10 % (Tielens et al. (1998); Molster et al. (2002b) ). Our study at a higher spectral resolution and sensitivity at 69 µm shows that the crystalline olivine only contains magnesium and no iron. For disks around young stellar objects, the 69 µm band has also been used to probe the composition and location of the olivine in the disk, showing that in these disks the crystalline olivine is also magnesium-rich, but may contain a few percent of iron (<0-3% iron, Mulders et al. (2011); de Vries et al. (2012) ; Sturm et al. (2013) ). Figure 3 also shows the 69 µm band of the disk around the young main-sequence star β Pictoris (de Vries et al. 2012) . Even though the crystalline olivine in the disk of β Pictoris only contains 1% iron, the width and position of its 69 µm band shown in Fig. 3 clearly contrast with those of the evolved stars. This contrast hints at a subtle difference between the crystalline olivine in disks around young stars and that in the circumstellar environments of evolved stars. Figure 3 shows that some sources have broader features than those of pure magnesium-rich crystalline olivine. This indicates that the emission of the crystalline olivine is not dominated by a single temperature, but comes from a circumstellar environment with a temperature gradient. For example, among the OH/IR stars OH 127.8+0.0 and AFGL 5379 and among the post-AGB stars the Red Rectangle, RAFGL 4205, OH 231.8+4.2, and AFGL 6815 have 69 µm bands broader than those of pure magnesium-rich crystalline olivine. In Fig. 4 we show that most of these broad 69 µm bands can be explained by a temperature gradient.
The post-AGB stars with such broad 69 µm bands are all classified as DUPLEX sources. These typically have very high-density tori or disks, causing high optical depths (Ueta et al. 2000; Meixner et al. 2002) . The high optical depth possibly causes the temperature gradient in the circumstellar environment of these stars. Interestingly, the two SOLE objects (HD 161796 and CPD -64 2939) , which have much lower density environments and are optically thin, do not show such broad bands and fall close to the 0% forsterite line in Fig. 3. 
The formation of forsterite
In this section we discuss scenarios that can explain the formation of pure magnesium-rich forsterite in the circumstellar environment. A first scenario for forming crystalline olivine in the outflow of evolved stars is by direct condensation from the gas. Here we describe three possible reasons that iron is not incorporated in crystalline olivine. The first is that there is too little gaseous iron in order to condense iron bearing crystalline olivine. Because at thermal equilibrium metallic iron is stable at higher temperatures than crystalline olivine, it is expected that metallic iron condenses before crystalline olivine, severely lowering the partial pressure of iron. But when exactly metallic iron and crystalline olivine condense is very dependent on environmental properties. For example, Woitke (2006) shows that metallic iron could condense at lower gas temperatures than crystalline olivine, because of the high opacity of metallic iron in the wavelength range (∼1 µm) at which the central star of AGB stars mainly emits its energy. This means that for outflows of AGB stars, metallic iron is stable farther out from the central star than expected from thermal equilibrium calculations.
When gaseous iron is available for the formation of crystalline olivine, it will only be incorporated in the lattice if the partial pressure of iron becomes high compared to that of magnesium. A second reason could then be that the magnesium vapour pressure only drops low enough in the temperature and pressure regions where olivine does not form crystalline anymore (Gail & Sedlmayr 1999 ) and thus that the crystalline silicates will only contain magnesium, which corresponds well with the composition that we find. Then, in the lower temperature regions where olivine forms in amorphous form, the vapour pressure of magnesium drops low enough and iron can be used for either condensation of amorphous olivine grains or metallic iron grains (Gail & Sedlmayr 1999) . Even though we find that the crystalline olivine dust has very low iron content, this does not need to be the case for the amorphous form of olivine. Suh (1999) finds optical constants for the amorphous silicates that resemble the experimental results from Dorschner et al. (1995) A third reason that iron would not be used for crystalline olivine is a kinetic. It is possible that the reactions in an outflowing environment will quickly freeze out due to the rapidly decreasing pressure. This could mean that before iron can be used in crystalline olivine, the density of the gas has dropped so low that the reactions responsible for the formation of fayalite do not take place.
Gas phase condensation is not the only possible formation mechanism of crystalline olivine. It is also possible to form crystalline olivine by annealing amorphous olivine. When amorphous olivine is heated above the glass temperature of olivine, it can rearrange its lattice elements into a crystalline form. Sogawa & Kozasa (1999) describe such a scenario for the outflow around evolved stars. In the case of a sufficiently high mass-loss rate (> 3 × 10 −5 M / yr for a 2 × 10 4 L AGB star), heterogeneous grains consisting of a corundum core and a silicate mantle can reach high enough temperatures for annealing. In the case of circumstellar disks, it is possible that the grains reside in the inner part of the disk close to the central star where the temperature is warm enough for annealing. It is also possible to anneal amorphous grains in-situ in colder parts of the disk by shocks or other processes (Desch & Cuzzi 2000; Ábrahám et al. 2009; Edgar et al. 2008) . The composition of crystalline olivine formed by these processes is difficult to predict, since it is unlikely that the in-situ formation of crystals happens under equilibrium conditions. The only laboratory measurements where amorphous olivine grains are annealed are by Davoisne et al. (2006) . They show that when an amorphous olivine material containing both magnesium and iron is annealed, it produces metallic iron inclusions and a magnesium-rich crystalline olivine material. This experiment shows that the magnesium-rich composition we find for crystalline olivine formed around evolved stars could also be explained by the annealing of amorphous grains.
Comparison of the different classes
de Vries et al. (2014) studied the sub-class of OH/IR stars by comparing the forsterite bands, including the 69 µm one presented in this paper, with model spectra. They argue that the most likely interpretation of the observed 69 µm bands of OH/IR stars is that the forsterite is formed in the outflow and that the forsterite temperature reflects the duration of the so-called superwind, a phase of intense mass loss (≈ 10 −4 M /yr). The OH/IR stars for which no 69 µm band is detected (seven out of fifteen in our sample) are explained by a superwind that only started recently (about a hundred years) and for which the forsterite dust is too warm and shows only mid-infrared bands. Cooler dust temperatures reflect longer duration superwinds, where the dust had the chance to travel farther away from the star. The coolest detected forsterite (at about 150 K) corresponds to a superwind radius of about 2500 AU or to a superwind duration of about 1200 years. The implications on the total mass loss and the AGB evolution are discussed further in de Vries et al. (2014) . When the OH/IR star stops its mass-loss and evolves away from the AGB, the material that was ejected during the AGB will drift away and continue to cool down. An example of an object that has such a cooling dust shell is HD 161796. This source stopped its mass loss roughly 300 years ago (Min et al. (2013) ). Figure 3 indeed shows that HD 161796 is positioned next to the OH/IR stars at a slightly lower temperature found for the coolest forsterite of OH/IR stars (150 K). Our sample also shows that the average temperature of the crystalline olivine gets colder when going from the AGB to the post-AGB stars and PNe (∼170 K to ∼100 K). We note that our sample is not selected in a way that we can link these sources on an evolutionary basis, but this temperature decrease is consistent with the scenario of a gradually cooling circumstellar environment. Also, one should be careful about interpreting the temperatures indicated by the 69 µm band, since the dusty environments of these evolved stars are very likely optically thick and the emission from them depends on many properties of the system. Another limitation in this comparison is that for some of our sources, such as the Red Rectangle and AC Her, the forsterite is not part of an outflow but rather exists in a stable (circumbinary) disk.
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The peak strength of the 69 µm band of the PNs is ∼10% of the continuum, while those of the post-AGB and the OH/IR stars are between ∼2-8% (see Table 2 ). The strength of these bands should be interpreted carefully because it can depend on properties of the system in the case of a high optical depth. But the stronger 69 µm bands of the PNs are very likely due to the crystalline olivine in these objects being colder, and for colder crystalline olivine the peak strength of the 69 µm band increases.
In comparison to the rest of our sample, IRAS09425 is exceptional with a band strength of 27% of the continuum. This source is known to be extremely crystalline, and this high crystallinity can be understood best by the presence of a stable disk (Molster et al. (2001) ). We must conclude that for IRAS09425 the formation mechanism of crystalline olivine and/or the circumstances under which it takes place are exceptional and probably different from the processes in any of our other objects. Then it is striking that the composition of the crystalline olivine in IRAS09425 is the same as for the other sources in our sample.
Furthermore, if we compare the other objects with confirmed disks to IRAS09425, then the Red Rectangle and ACHer have a peak strength of the 69 µm band that is much smaller than IRAS09425 (5% and 6% compared to 27%). And the other disk sources, AR Pup, HD 93662, and IW Car, do not even show a 69 µm band, while they clearly show crystalline olivine bands in the wavelength range of 8-13 µm (de Ruyter (2005) ). This makes for the interesting situation where the crystalline olivine in these three disks is probably hot (∼600 K) crystalline olivine dust. The opacity of forsterite at these temperatures no longer shows a 69 µm feature, while it still shows the spectral features at lower wavelengths. Indeed, de Ruyter (2005) finds that the temperature of the dust in the disks of AR Pup, HD 93662, and IW Car is ∼600 K and concludes that the flux comes from the inner parts of the disk. Our sample now marks three distinct kinds of disk sources. One is IRAS09425, which is extremely crystalline, but the crystalline olivine is relatively cold (∼120 K). The Red Rectangle and AC Her have moderately strong 69 µm bands and crystalline olivine temperatures in the order of 200 K. In contrast AR Pup, HD 93662, and IW Car show no 69 µm bands, but have hot crystalline olivine, which means the crystalline olivine is situated close to the central star.
Conclusions
We can summarize our conclusions as follows.
-The width and position of the 69 µm band shows that the crystalline olivine formed in outflows and disks around evolved stars is pure forsterite and contains no iron. -The temperature indicated by the 69 µm band is ∼ 100 − 200 K. On average the crystalline olivine in the OH/IR stars has the highest temperature, with decreasing temperatures over post-AGB to PNe. -Eight of fifteen OH/IR stars show 69 µm band detection. de Vries et al. (2014) show that the forsterite band properties can be explained by the formation of forsterite dust in the superwind. The non-detections in our sample correspond to sources where the superwind only started recently (about a hundred years), and the coolest temperatures correspond to the longest duration of the superwind, about 1200 years. -Most of the post-AGB stars have 69 µm bands broader than that of pure magnesium-rich olivine, which is a sign of a temperature gradient in the disk or outflow. -The sources with confirmed disks show distinct differences.
The Red Rectangle and AC Her have moderate amounts of crystalline olivine at moderate temperatures. IRAS09425's 69 µm band confirms its extreme crystallinity and shows it is relatively cold. The objects AR Pup, HD93662, and IW Car have no detectable 69 µm band, which indicates that the crystalline olivine in their disks is hot (∼600 K) and situated close to the central star. 
